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Abstract 
Oxyfuel combustion is a promising candidate for carbon capture. However, the high energy demand for 
cryogenic oxygen production is associated with a considerable loss in efficiency. A promising new 
development to reduce these losses is the application of high temperature ceramic membranes. This paper 
compares the environmental impacts of both air separation concepts in an Oxyfuel process using life cycle 
assessment methodology (LCA). The results are reflected to the environmental effects of conventional power 
generation without CCS. To consider technical innovation the concepts are modelled based on a state-of-the-art 
supercritical (600°C) and on an advanced ultra-supercritical (700°C) coal-fired power plant. 
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The reduction of carbon dioxide emissions is one of the most important challenges when 
addressing global climate change. Current worldwide R&D activities on carbon capture and storage 
(CCS) give preferential treatment to three different types of CCS technology options: pre-
combustion, post-combustion and Oxyfuel [1]. Implementing these technologies for a considerable 
CO2 reduction causes efficiency losses in a range of 10%-points or more. This leads to an additional 
demand of fuel and related other emissions. Therefore, finding new technology options with lower 
efficiency losses is one precondition for implementing CCS. To understand the total environmental 
effects a closer look at the entire life cycle of a technology is advisable. Life Cycle Assessment 
(LCA) is a commonly used tool when analyzing environmental aspects. 
In this paper the ecological effects actuated through CO2 reduction are investigated. At this, focus 
is set on the Oxyfuel concept, where fuel is burned with diluted oxygen in recirculated flue gas 
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instead of air. Taken from other oxygen demanding technologies, cryogenic air separation (C-ASU) 
is an available state-of-the-art technology already used in Oxyfuel demonstration plants, though 
causing an important burden to the total plant efficiency. Since several years a lot of effort has been 
set in developing high temperature ceramic membranes (HTM), with the objective to reduce 
efficiency losses within the German Helmholtz MEM-BRAIN research alliance. Both technologies 
(HTM-ASU, C-ASU) are analyzed along their life cycles including production of the air separation 
unit and power plant, power generation and transport and storage of CO2. The environmental 
impacts of both technologies are set into relation to power plants without carbon capture, 
represented by a supercritical (SC) (live-steam parameters: 600°C, 285 bar) power plant. Since the 
membrane concept still needs time for development before becoming technically feasible also 
expected improvements in conventional power plant production are allowed by looking at an 
advanced ultra-supercritical (USC) (700°C, 365 bar) future power plant. While several LCA studies 
considering cryogenic Oxyfuel technology exist, no LCA for a membrane system has been 
performed so far. To make the results comparable, for all concepts the same basic assumptions (e.g. 
type of coal, limits for SOx and NOx) have to be used. By comparing the different concepts and 
technologies the environmental effects of conventional power plant improvement, CO2 capture due 
to the Oxyfuel concept and a variation in air separation technology can be assigned.  
2. Technical parameters of power plant concepts 
Basis for the comparison are two power plant concepts without any CO2 capture. The first 
concept is a SC hard coal power plant, which represents the state-of-the-art technology. Taking into 
account technical improvements in the future an advanced USC hard coal power plant has been 
chosen as a second concept. Based on these two concepts two Oxyfuel technologies with cryogenic 
(C-ASU) and membrane-based air separation (HTM-ASU) have been analyzed. For both power 
plant types (with and without CO2 capture) detailed thermodynamic modeling has been done by 
Castillo [2, 3] earlier. The data of these calculations have been transformed into an aggregated LCA 
structure. The combination of basic technology status and air separation technology gives six cases, 
which are compared. 
2.1 Reference power plant concepts without CCS  
In 2004 a German consortium of industry and science carried out a pre-engineering study to 
define basic parameters and a design for a state-of-the-art SC hard coal power plant [4]. On the basis 
of this study, some SC power plants are still under construction in Germany, which will be operated 
in the near future. Compared to existing hard coal power plants different options have been 
implemented to increase the efficiency. One main option is the increase of the live-steam parameters 
(600°C, 285 bar). All improvements are resulting in a net efficiency of nearly 46%. In the long term, 
i.e. after the year 2020, the realization of an advanced ultra-supercritical hard coal power plants 
seems to be an obvious concept. A pre-engineering study has been carried out by [5] describing the 
design and fundamental parameters of such a concept. To achieve a net efficiency of 50% a live-
steam temperature of 700°C and a live-steam pressure of 365 bar are necessary. The design 
parameters of both concepts were basis for the thermodynamic calculation. South African coal 
“Kleinkopje” is considered as fuel. The separation efficiency of the flue gas cleaning system 
represents future advanced conditions under the current limits presented by German legislation 
(SOx: 150 mg/Nm
3, current limit: 200 mg/Nm3 and NOx: 100 mg/Nm
3, current limit 200 mg/Nm3) 
[6].  
2.2 Power plants with CCS 
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In the Oxyfuel concept the coal is directly burned with nearly pure oxygen instead of air, causing 
much higher combustion temperatures. To keep combustion temperatures at a permissible level, the 
mixture is diluted with recycled flue gas containing mostly CO2 and H2O. The necessary oxygen is 
supplied by an air separation unit (ASU). In this study air leakages of 3% were considered. The 
cleaned flue gas is then compressed and purified before further transport.  
Cryogenic air separation is a state-of-the-art technology suitable for high tonnage oxygen 
production for power stations. The energy consumption increases with higher O2 purity 
requirements, however a high O2 purity lowers the energy required in the CO2 compression and 
purification step. Previous studies have demonstrated that 95% purity is an optimum value, because 
further O2 purification requires more energy than the savings obtained during the carbon dioxide 
compression [
Cryogenic air separation 
7]. Therefore, a 95% O2 purity was used for the calculation. Technology improvement 
for the cryogenic air separation is considered also. The specific energy consumption of 200 kWh/t 
O2 for today’s technology will be reduced to 160 kWh/t O2 for future technologies [8]. The net plant 
efficiencies amount to 36.4% (C-ASU SC) and 39.9% (C-ASU USC) [2, 3]. 
In recent years great efforts are undertaken to improve the efficiency of Oxyfuel power plants by 
development and integration of novel gas separation membranes [
Membrane-based air separation  
9]. A possibility to provide oxygen 
is the use of high temperature ceramic membranes. A favored membrane material of perovskite type 
is Ba0.5Sr0.5Co0.8Fe0.2O3-  (BSCF). Its permeation rate is high because of its high ionic and electronic 
conductivity [10]. These membranes can separate oxygen with a selectivity of 100% at flue gas 
temperatures above 700°C [11]. Typically, membrane modules can be operated in four-end or three-
end mode [10]. As the four-end concept still faces severe problems of chemical stability of the 
membrane the three-end concept is chosen for this analysis. In the 3-end concept the membrane has 
no contact with the flue gas and permeate is removed by free flow or by applying vacuum. The 
operating temperature is reached by preheating the air. The thermodynamic modeling of a 
membrane-based Oxyfuel power plant results in a membrane area required of 254 thousand m² 
assuming a membrane thickness of 0.6 mm and an average oxygen permeation rate of 1.75 
2) [2, 3]. Applying membrane-based technology it is possible to improve the net Oxyfuel 
plant efficiency in the range between 2 and 3%-points in relation to the cryogenic technology. Best 
plant efficiencies are reached by the HTM-ASU USC plant (42.2%) and 39.6% by the HTM-ASU 
SC. Table 1 summarizes the main performance data of the six plants investigated. 
Table 1. Performance data of reference (Ref) and Oxyfuel plants with SC and USC technology 
Plant parameter 
Ref 
SC 
Ref 
USC 
C-ASU 
SC 
HTM-
ASU SC 
C-ASU 
USC 
HTM-
ASU USC 
Plant net output (MW) 
557.
0 
605.9 440.9 479.5 483.2 510.5 
Net plant efficiency LHV (%) 45.9 50.1 36.4 39.6 39.9 42.2 
Efficiency drop (%-points) - - 9.5 6.3 10.2 7.9 
Specific energy demand for 
oxygen supply (kWh/t O2) 
- - 200 160 - - 
Membrane area (thousand m2) - - - 254 - 254 
Specific membrane area 
(m2/kWel) 
- - - 0.53 - 0.50 
CO2 recovery rate (%) - - 90.2 90.1 90.2 90.0 
Specific CO2 emissions (g/kWh) 
755.
4 
694.4 93.1 86.3 84.2 81.5 
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3. Environmental analysis of the power plant concepts 
3.1 Goal and Scope 
To reduce the complexity and to focus on material and energy exchange with the environment the 
detailed modeling of the different power plant concepts in [2, 3] has to be aggregated. Transforming 
the plant information into LCA structure the system is then extended by upstream processes such as 
fuel or operation material supply and downstream processes like waste disposal or waste water 
treatment. The comparison of the different power plant is performed on a basis of 1 kWh electricity 
produced (functional unit in LCA). Figure 1 reflects the resulting process chain for the analysis in 
the highly aggregated form. 
 
Fig. 1: LCA system boundary of the Oxyfuel power plants with C-ASU / HTM-ASU 
 
The process chain of the conventional SC 600°C and USC 700°C reference power plants without 
capture comprise the modules “Coal conditioning”, “Power generation”, “NOx removal”, “Dust 
removal”, “Desulphurization” and upstream and downstream activities like the supply of raw coal 
and raw material as well as the handling of solid waste (landfill processes) and emissions into air 
and water. In addition, the process chains of the Oxyfuel processes contain the “Oxygen supply via 
cryogenic or membrane-based air separation”, “H2O condensation, CO2 compression & 
liquefaction”, “CO2 transport” via pipeline (400 km onshore) and “CO2 storage” in a deep saline 
aquifer (800 m). The “Oxygen supply via cryogenic or membrane-based air separation” box on the 
one hand represents the cryogenic air separation process similar to the Linde process [12, 13]. On 
the other hand a membrane-based process as modeled in [10] is assumed. Data for the power plant 
systems are adapted from [2, 3]. For CO2 transport and storage information are taken from literature 
[14]. Upstream and downstream data, like fuel and energy supply or waste treatments (so called 
second order processes), are chosen from the ecoinvent database [15]. 
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Beside the pictured processes also third order processes are included into the investigation 
considering the construction of the power plants but also of the air separation units. These data are 
selected from the ecoinvent data base as well [15]. As no assessment for membrane-based ASU 
exists the entire process chain for the production of the BSCF membrane module, as aggregated in 
Figure 2, is modeled separately. The BSCF membrane module is based on description in Vente [16]. 
 
 
Fig. 2: Main processes of BSCF membrane module production 
3.2 Life Cycle Inventory 
Using the calculation software GaBi 5.0 for each power plant type a full inventory is set up by 
describing all relevant environmental inputs and outputs for each process step (Tab. 2).  
Main inputs and outputs of the two reference power plants and four Oxyfuel plants are presented 
in table 2. To show the differences in power plant technique first upstream and downstream 
processes are not considered. The amount of coal per kWh corresponds to the net efficiency of 
power plants. After dust removal, desulphurization and water condensation the CO2 enriched flue 
gas consists of app. 95 mol.-% CO2. Traces of argon, oxygen, SO2 and NOx are also contained. The 
Power plant systems 
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SO2, NOx and CO emissions of the Oxyfuel plants are very low due to discharging of these 
emissions into the compressed CO2 flow. Table 2 also shows the emissions including upstream and 
downstream processes in parentheses to allow comparison of the overall systems. 
Table 2. Main inputs and outputs of reference (Ref) and Oxyfuel plants with SC and USC technology  
 Ref SC Ref USC C-ASU 
SC 
C-ASU 
USC 
HTM-
ASU SC 
HTM-
ASU USC 
Inputs (g/kWh)       
Coal 313.8 287.7 395.3 360.7 363.5 341.4 
NH3 0.9 1.1 0.2 0.2 0.2 0.2 
Limestone 5.2 4.7 7.1 6.5 6.6 6.2 
Water for cooling 1569 1311 2870 2480 2426 2180 
Water for FGD 172 153 52 93 113 107 
Outputs (g/kWh)       
CO2 emission 756 
(803) 
695 
(739) 
93 (166) 84 (146) 86 (152) 82 (143) 
SO2 0.38 
(0.73) 
0.35 
(0.69) 
0.0005 
(0.47) 
0.0002 
(0.43) 
0.0004 
(0.4) 
0.0003 
(0.4) 
CO 0.008 
(0.15) 
0.014 
(0.14) 
0.009 
(0.2) 
0.017 
(0.2) 
0.008 
(0.2) 
0.015 
(0.19) 
NOx 0.28 
(0.91) 
0.25 
(0.84) 
0.047 
(0.86) 
0.044 
(0.79) 
0.040 
(0.79) 
0.037 
(0.71) 
CO2 compressed - - 887 809 812 762 
Bottom ash 
(furnace) 
8.8 8.1 11.2 10.2 10.3 9.7 
Fly ash (E-filter) 35.2 32.3 44.5 40.6 40.9 38.4 
Gypsum 8.9 8.1 12.3 11.2 11.3 10.6 
Water to river 523 437 957 827 809 727 
Outlet water 
(FGD) 
67 57 13 51 79 75 
(value): including upstream and downstream processes; FGD: Flue gas desulphurization unit 
 
The 254,000 m2 membrane area necessary for an Oxyfuel power plant are arranged into approx. 
1,700 modules based on a concept developed by Vente [
Third order processes “Membrane production” 
16]. Each module contains 150 m2 
membrane area. One m2 membrane is produced from 5.32 kg basic BSFC powder. For the 
production of 1 kg BSCF 0.29 kg BaCO3, 0.38 kg SrCO3, 0.26 kg Co3O4 and 0.07 kg FeOOH are 
required. In order to produce 1 kg BSCF powder 1.173 kg basic powder has to be sintered. This 
leads to an ore demand of approx. 925 t Barite, 1600 t Celestite and 108,000 t Co-Cu ore (250 t Co-
content) for an Oxyfuel power plant. Additionally, 70 t iron turnings are necessary.  
3.3 Life Cycle Impact Assessment 
For the life cycle impact assessment up to 7 impact categories are considered: global warming 
potential (GWP), acidification potential (AP), eutrophication potential (EP), photochemical ozone 
creation potential (POCP), human toxicity potential (HTP), marine aquatic ecotoxicity potential 
(MAETP) and fresh water aquatic ecotoxicity potential (FAETP). 
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Membrane production 
Although the absolute amounts of BaCO3, SrCO3 and Co3O4 for BSCF production are very 
similar, the environmental effects are mainly dominated (approx. 64% - 93%) by Co3O4. FeOOH, 
BaCO3 and SrCO3 account only for 1% - 4%, 2% - 14%, and 4% - 18% of the various effects. The 
shares of the various processing steps (e.g. mining, transport) on the total impacts differ widely for 
the different materials (Fig. 3). Almost all environmental impacts associated with the production of 
FeOOH involve upstream processes (82% - 95%). The upstream process chain is mainly dominated 
by the production of nitrobenzene required for the Laux process (Fig. 2). The rest of the 
environmental effects are associated with electricity supply, as mining and transport processes are 
not applicable, due to the use of scrap as resource. The values of Co3O4 are much higher compared 
to BaCO3, SrCO3 and FeOOH. For EP and HTP it is more than 10-fold and it is dominated by cobalt 
mining. Due to the much lower cobalt content in the ores compared to barium and strontium ores, 
the amount of ore residues is much higher, being the main reason for toxicological and EP effects.  
 
Fig. 3: Impacts of the production of 1 kg BaCO3, SrCO3, FeOOH and Co3O4 and share of life cycle elements 
 
Table 3 shows the environmental impacts for one m2 membrane, for one membrane module and 
for one kWh of electricity produced by HTM-ASU SC in comparison. The production of basic 
material determines the effects of membrane production. Only POCP is dominated from the actual 
membrane production due to emissions during sintering. However, the production of housing has 
higher impacts in most categories compared to membrane production. Considering the entire power 
plant system the shares on the total environmental effects per kWh of the HTM power plants are less 
than 1% for GWP, AP and EP. The share on HTP and POCP amounts to 5.5% and 2%. 
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Table 3. Environmental impacts of BSCF membrane, membrane module and electricity generation by HTM-ASU SC 
 GWP AP EP HTP POCP 
1 m² BSCF membrane       
Sum [g-equiv.] 31,084 241 232 75,516 680 
Processing BSCF basis 
powder 
[%] 71.8 86.5 89.8 93.4 1.9 
Electricity [%] 13.2 7.9 5.7 2.5 0.2 
Upstream [%] 15.1 5.6 4.5 4.1 0.5 
Membrane production [%] 0 0 0 0.04 97.4 
1 BSCF membrane module  (150 m2 
membrane) 
     
Sum [kg-
equiv.] 
48,712 257 125 618,761 126 
BSCF membrane [%] 9.6 14.1 28.0 1.8 80.8 
Housing material [%] 80.9 79.2 64.6 94.4 17.4 
Metal working processes [%] 9.5 6.7 7.4 3.8 1.7 
1 kWh electricity of HTM-ASU SC 
Sum [g-equiv.] 194 1.0 1.63 166 0.094 
Emission from power 
plant 
[%] 44.5 2.0 0.3 0.03 1.4 
Coal upstream [%] 47.6 92.9 97 89.8 92.3 
CO2 T&S [%] 4.1 3.8 1.5 3.5 3.2 
Other [%] 2.9 0.5 0.9 0.2 0.4 
Infrastructure of power 
plant 
[%] 0.5 0.4 0.2 1.0 0.7 
Membrane module [%] 0.4 0.4 0.1 5.5 2.0 
- Share of BSCF powder [%] 9.2 14 28 1.8 81 
 
Figure 4 shows the difference of environmental impacts between the four Oxyfuel power plants 
and the respective reference concepts (zero line). Global warming potential, acidification potential 
and photochemical ozone creation potential decrease compared to a power plant without CCS. GWP 
decreases only to approx. 75% comparing to the CO2 capture rate of nearly 90%. Reason for that are 
the emissions related to additional coal mining and transport to compensate the efficiency losses 
caused by CO2 capture. A reduction of 25% (C-ASU) - 30% (HTM-ASU) in acidification potential 
is achieved, because most of the SOx emissions remain in the removed compressed CO2 stream 
going to pipeline. Otherwise the implementation of Oxyfuel technology involves higher impacts for 
eutrophication potential and the three toxicity potentials (HTP, MAETP, FAETP) due to losses in 
power plant efficiency and the additional coal demand. 
Power plants 
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Fig. 4: Impacts of Oxyfuel power plants relative to the reference power plants 
 
The membrane systems show always better performance than the cryogenic concept. As the ASU 
process is mainly determined by energy use, improved performance of the membrane system is 
related to the lower efficiency losses. The higher net efficiency is also the reason why advanced 
USC systems have the lowest absolute figures.  
Using LCA methodology, the shares of the upstream and downstream processes can be 
visualized. As shown exemplary for the Ref SC in Figure 5, the share of upstream and downstream 
processes is dominating all impact categories, except for global warming potential. For all power 
plant types and all impacts (except GWP in the Ref SC) the coal supply chain has the highest share. 
It amounts to  90% for AP, EP, POCP, HTP, MAETP and FAETP in case of the Oxyfuel 
technologies. However, these regional impacts are mainly in the countries of coal mining or during 
coal transport. Therefore, a reduction can only be achieved by improving the environmental 
performance of these upstream processes. Only extensive further optimization at the power plant 
itself will not have a recognizable effect. The contribution of module production including BSCF 
powder as well as the share of construction of the power plant amount to less than 1%.  
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Fig. 5: Share of upstream and downstream processes on the overall impact categories of the SC power plant 
 
Sensitivity analysis 
As membranes are still in the developing stage it has to been proven, that the considered 
performance parameters can be met during operation. One optimistic assumption is the life time of 
40 years. If this is reduced from 40 to five or 1 year, respectively the environmental impacts 
increase, of course (Fig. 6). HTP and POCP are doubled due to higher amount of steel in the 
membrane module and more emissions during sintering processes, respectively. In the future, for 
large sinter processes gas cleaning will probably be used to reduce the POCP emissions. However, if 
the steel container is retained and only the membrane is replaced, then the increase of all impacts is 
negligible.  
Fig. 6: Life time variation of the membrane module 
 
To value the importance of the different impacts they are compared to the total global impacts in 
2010 in the normalisation step (Table 4). The values are based on an assumed hard coal power 
generation of 5789 TWh in 2010 [
Normalization results 
17] exclusively with CCS technology. For MAETP and FAETP 
normalisation is not conducted because the emissions causing these toxicity potentials mainly occur 
in the countries of coal mining and not globally. For these countries no total MAETP and FAETP 
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values are available. The normalisation step shows that hard coal based power generation without 
CCS has a considerable share on the total global warming potential (up to 11.6%). This share is 
reduced considerably (approx. -8%-points) in case of the Oxyfuel plants. The share of acidification 
potential on the total impacts on power generation is also reduced by 1%-point in case of the 
Oxyfuel power plants. The eutrophication and human toxicity potentials increase slightly by 
implementation of CO2 capture. The share of photochemical ozone creation potential remains the 
same.  
Table 4. Normalized environmental impacts of power plants compared to the total global impacts of hard coal based power 
generation 
Impact Total global impacts 
[kg-equiv.] 
Ref SC 
[%] 
Ref USC 
[%] 
C-ASU 
SC [%] 
HTM-ASU 
SC [%] 
C-ASU 
USC [%] 
HTM-ASU 
USC [%] 
GWP  4.18E13 11.6 10.7 2.9 2.7 2.6 2.5 
AP 2.39E11 3.5 3.2 2.6 2.4 2.4 2.3 
EP 1.58E11 5.2 4.8 6.4 6.0 5.9 5.6 
POCP 3.68E10 1.6 1.5 1.6 1.5 1.5 1.4 
HTP 3.63E13 2.1 1.9 2.7 2.6 2.5 2.5 
4. Conclusion  
Two different hard coal power plant concepts have been analyzed, representing a state-of-the-art 
technology (SC) and future technology (advanced USC). These concepts have been combined with 
different Oxyfuel technologies (cryogenic, membranes). For the HTM-ASU power plants a 
perovskite membrane has been assumed, which is under development within the German Helmholtz 
MEM-BRAIN research alliance. Considering the applied boundary conditions a permeation rate of 
1.75 ml/(min·cm2) has been reached, which results in a membrane area of 254.000 m2. Supposing 
that membrane manufacturing will be costly, it is evident to develop membranes with higher 
permeation rates. 
An environmental evaluation using life cycle assessment was carried out to compare the different 
power plant concepts. The CO2 capture rate of the oxfuel plants of nearly 90% decreases to nearly 
75% for cryogenic and membrane-based capture, when upstream processes are included in the 
investigated systems boundaries due to emissions related to the additional coal demand. A reduction 
of 25% (C-ASU) resp. - 30% (HTM-ASU) in acidification potential is achieved, because most of the 
SOx emissions remain in the removed CO2 stream. Impact categories, like toxicity potentials and 
eutrophication potential increase, whereas photochemical ozone creation potential decreases 
slightly. Due to the efficiency losses the upstream coal process chain is mainly responsible for these 
environmental categories. The share of coal upstream processes amounts to more than 90% for the 
impact categories acidification potential, eutrophication potential, photochemical ozone creation 
potential and the toxicity potentials. For global warming potential, the coal upstream share still 
amounts to approx. 50% in case of Oxyfuel. Therefore, an overall reduction in environmental 
impacts can only be achieved by improving the environmental performance of these upstream 
processes, while extensive further optimization alone at the power plant itself will not have a 
recognizable effect. 
The share of the BSCF membrane module is negligible. Human toxicity potential and 
photochemical ozone creation potential amount only to 5.5 and 2%, respectively. The other impact 
categories account for less than 1%. If the life time of the membrane module is reduced from 40 to 1 
year the environmental impacts increase. Human toxicity potential and photochemical ozone 
creation potential are doubled due to the higher amount of steel. However, if the steel container is 
retained and only the membrane is replaced, then the increase of impacts is negligible. This 
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emphasizes the development of modules which allow an easy replacement and resealing of 
membranes. 
The normalisation step shows that hard coal based power generation has a considerable share on 
the total global eutrophication potential of approx. 5% in case of the reference plants. The 
implementation of Oxyfuel technology increases the EP by about 1%-point. Otherwise, Oxyfuel 
technology can reduce the share of global warming potential on the total impacts of power 
generation from approx. 11% to 2.5 - 3%. In the same way the acidification potential decreases 
slightly by approx. 1%-point. Otherwise the share of human toxicity potential on the total impacts 
increases slightly by at most 0.9%-points. The share of photochemical ozone creation potential on 
the total impacts amounts only to approx. 1.5% for all power plants.  
The improvement of efficiency and therefore reduction in coal demand has main implications on 
the results. The advancement in power plant technology alone (SC to USC) already has a high effect 
on most environmental impacts. However, the considerable reduction of GWP and also AP can only 
be reached using additional capture technologies. If membranes can prove their performance 
parameters during operation they have environmental advantage over conventional cryogenic air 
separation technology. 
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